The deep-sea clam Calyptogena okutanii possesses a large gill containing vertically transmitted symbiotic sulfur-oxidizing bacteria. It produces large amounts of highly viscoelastic mucus from the gill, which is thought to be a physical and chemical barrier. The mucus collected from the gill was shown to be composed of glycoproteins having the following sugar composition: Man (17.4%), GlcNAc (16.6%), GalNAc (15%), Glc (1.1%), Gal (29.9%), Xyl (3.0%), Fuc (14.4%), and unknown (2.6%), indicating that it contained mucin-like glycoproteins. In a monoclonal antibody library against the gill tissue, we found a monoclonal antibody (mAb), CokG-B3C10, reacting to the mucus. Western blot analysis using the mAb showed that it reacted to several glycoproteins in the mucus from the gill tissue, but not with those of other tissues such as the mantle, foot, and ovary, where mucus production has been reported in bivalves. Further, immunohistochemical analysis showed the CokG-B3C10 mAb reacting to glycoproteins was detected in the inner area of the gill, which was occupied by many bacteriocytes in the row of gill filaments. Strong mAb signals were found on the outer surface of the bacteriocytes facing the interfilamental space, and in the interfilamental spaces between filaments. Weaker signals were also observed in the bacteriocyte cells. These results indicate that the CokG-B3C10 mAbbinding mucus glycoproteins were produced from cells including bacteriocytes and nonbacteriocyte cells in the inner area of the gill filaments.
Introduction
In deep-sea hydrothermal vent and seep communities, a unique symbiotic partnership between chemoautotrophic bacteria and invertebrate hosts is found [1, 2] . Vesicomyid clams, Calyptogena spp., are the dominant members in deep-sea chemosynthesis-based communities and harbor vertically transmitted symbiotic sulfur-oxidizing bacteria in the gills [3] [4] [5] [6] [7] .
An outstanding anatomical feature of Calyptogena spp. is the large gill size. Calyptogena clams possess a pair of one or two plate-like demibranches, which are comprised of many rows of filaments [3, 5, 8] . Histological observation of the gill filaments has shown that their external area is composed of ciliated cells and some nonciliated cells, which have no symbiontic bacteria, which face seawater taken in through the inhalant siphon, and their inner area contains many bacteriocytes and smaller cells without symbiotic bacteria located between the bacteriocytes [3, 5, 8] . Calyptogena clams have a highly reduced gill ciliary groove, labial palps, and digestive tube and they lack mucus strings [3, 5, 8] . These observations suggested that the Calyptogena clams depend mainly on symbiont-mediated autotrophic nutrition but weakly on filter feeding [4, 5, 9] . The symbiotic bacteria of Calyptogena clams have been shown to have a reduced genome, indi-cating the mutual dependency of the symbiont on the host [10, 11] .
Calyptogena clams produce highly viscoelastic mucus. Mucus contains sugars covalently linked to lipid or protein, called mucin, and mucus secretion from the foot, mantle, gill, and digestive organs has been reported in bivalves [12, 13] . The mucus-secreting cells, i.e., mucocytes, are distributed in the external area containing the ciliated cells of bivalve gills [8, 14, 15] . As the gill of suspension-feeding bivalves captures, processes, and transports particles to the mouth, the cilia and mucus are thought to function cooperatively [16] [17] [18] [19] [20] . In Calyptogena spp., mucocytes and ciliated cells are also distributed in the external area of the gill [8] , although it is unlikely that they are involved in feeding. On the other hand, recent progress in research on innate immunity and the environment has focused on mucus as a physical and immunological barrier against environmental stressors and pathogens. As host-secreted mucus covers the surface of various tissues, it can provide a contact site for exogeneous microorganisms and host molecules. Despite the abundant mucus and the description of mucocytes in the gill of Calyptogena spp., neither the composition of the sugar nor the function of the mucus has been elucidated. In the present study, as the first step in understanding the mucus in the gill tissue of Calyptogena okuktanii, we isolated oligosaccharide conjugates from the mucus of the gill tissue and determined the structure of the oligosaccharides. Furthermore, we selected an oligosaccharide conjugate-specific monoclonal antibody (mAb) from an mAb library against the gill tissue cells and examined the localization of the mAb reacting to glycoproteins.
Materials and Methods

Sampling
The clams C. okutanii and Calyptogena soyoae, which are morphologically very similar to each other, were collected at depth of 856 m in the Off Hatsushima Island seep site in Sagami Bay (35˚00.952'N, 139˚13.32'E) using the ROV HyperDolphin during R/V Natsushima cruises (April 24 to May 6 in 2009, January 12 to 19, and May 11 to 18 in 2010). C. okutanii clams were selected after analyzing their partial cytochrome oxidase subunit 1 gene sequence [21] . After dissection, mucus (approximately 20 ml) was collected from their gill tissues. Then their tissues, gill, mantle, foot, and ovary were separately stored at −80˚C. Small pieces of the respective tissues were also immediately fixed with 4% paraformaldehyde at 4˚C in filtered seawater and stored until use.
Isolation of Oligosaccharide Samples
Oligosaccharide samples in the mucus were isolated following the method in a previous report [22] . Contaminated hematocytes and debris in the collected mucus were removed by centrifugation at 200 × g for 15 min. For precipitating the proteins, trichloroacetic acid (TCA, 10%, w/v) was added to the supernatant. The samples were then incubated at room temperature for 30 min and centrifuged at 9100 × g for 20 min. The precipitate was resuspended and dialyzed against 100 mM potassium phosphate buffer (pH 6.8) overnight and resolubilized. Resolubilized samples were digested at 37˚C overnight by a protease reagent of Streptomyces griseus, 1000 U of PRONASE (Roche Applied Science Japan, Tokyo, Japan). Proteins in the digested samples were removed by TCA treatment as described above. Then, oligosaccharide samples from which the protein had been removed were obtained by ethanol precipitation. The supernatant after TCA treatment was transferred into a new tube, diluted with a three-fold volume of ice-chilled ethanol, incubated at −30˚C overnight, and centrifuged at 9100 × g for 30 min. The precipitated oligosaccharide samples were solved in 1 ml of pure water, freeze-dried, and stored at −80˚C until use.
Protein Quantification
The freeze-dried oligosaccharide samples (1 mg) were solved in 1 ml of deionized water. The protein concentration in the aqueous solution was quantified with a BioRad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA) using bovine albumin as a standard.
Molecular Mass Estimation
For molecular mass analysis, a high-pressure liquid chromatography (HPLC) system (Waters e2796 system, Waters Co., Milford, MA, USA) equipped with a gel filtration column (TSK-Gel GMPW, 7.5 × 300 mm, Tosoh, Tokyo, Japan) was used. One milligram of the freezedried oligosaccharide samples was dissolved in 100 μl of 200 mM sodium phosphate buffer (pH 6.8). Two hundred micromoles of sodium phosphate buffer were used as the running buffer at a flow rate of 0.5 ml/min. A refractive index detector (Waters e2796, Waters Co.) was used for the detection. A commercial molecular standard kit (P-82, Showa Denko K.K., Tokyo, Japan) was used for calibration.
Sugar Composition Analysis
The sugar composition of the oligosaccharide samples was analyzed using the 1-phenyl-3-methyl-5-pyrazolone (PMP) derivative method as described previously [23] , with minor modification. One milligram of freeze-dried oligosaccharide samples was added to 1 ml of methanol containing 5% HCl, and the resulting mixture was heated at 100˚C for 2 h. After evaporation, 1 ml of 4 M trifluoroacetic acid was added and heated at 100˚C for 1 h. The resulting hydrolysate was evaporated, and 0.5 ml of deionized water was added. After solubilization, this solution (200 μl) was mixed with 200 μl of methanol containing 0.5 M PMP and 100 μl of 0.6 M NaOH, respectively, and then incubated at 70˚C for 30 min. After incubation, 0.1 M HCl was added and excess PMP was removed by chloroform extraction. PMP-labeled monomers were analyzed using the HPLC system (Waters e2796 system) equipped with a reverse-phase column (YMC pack ODS-AQ column, 4.6 × 150 mm, YMC Co. Ltd., Kyoto, Japan) and a Waters 2998 photodiode array detector (Waters Co.) at 245 nm. The hydrolysates were eluted with a gradient of mobile phase A (84:16 mixture of 100 mM sodium phosphate buffer, pH 7.0, and acetonitrile) and mobile phase B (acetonitrile), which used a gradient program (B%: 0% from 0 to 10 min, linear gradient from 0% to 30% between 10 and 30 min). The buffer flow rate was set at 1 ml/min.
Construction of mAb against Glycoprotein in the Mucus
mAbs were raised against the homogenized gill tissues of C. okutanii using the conventional polyethylene glycol (PEG) method [24] . The tissue homogenate was injected three times at 2-week intervals into three BALB/c mice. On day 4 after the third immunization, the mice were killed and the spleen lymphocytes were collected and fused with the murine myeloma cell line NS-1 in the presence of 50% PEG. The fused hybridoma cells were selected by incubation in hypoxanthine-aminopterinthymidine selective medium (GIT medium, Wako Pure Chemical Industries, Osaka, Japan) supplemented with 100 μM hypoxanthine, 0.4 μM aminopterin, and 16 μM thymidine at 37˚C for 10 days. Supernatants of the hybridoma cell cultures were screened for antibody production with the indirect immunofluorescence method described below. Cloning was performed for the immunofluoresence-positive hybridoma cells using the limited dilution method, which was repeated three times. The antibody reacting with the oligosaccharides was selected by dot-blot analysis. The oligosaccharide samples obtained or N-glycosidase F-treated oligosaccharide samples were spotted on a polyvinyldifluoride (PVDF) membrane (Merck Milipore, Billerica, MA, USA). The membrane was reacted with each mAb at 37˚C for 1 h. After washing three times, the membrane was incubated at 37˚C for 1 h in anti-mouse IgG horseradish peroxidase (HRP)-linked goat antibody (Life Technologies Co., San Francisco, CA, USA) diluted at 1:1000. The HRP signal was detected using 3,3'-diaminobenxidine tetrahydrochloride (Wako Pure Chemical Industries). All animal experiments were conducted in accordance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan), and all protocols were approved by the institutional review board of the Animal Research Center, Yokohama City University School of Medicine.
SDS-PAGE and Western Blot Analyses
Immediately after collection of the Calyptogena clams, they were dissected and their tissues (gill, mantle, foot, and others) were separated. Approximately 30 mg of the tissues were respectively homogenized with 10 -20 strokes by a Teflon homogenizer on ice in 1 ml of homogenization buffer (10 mM Tris-HCl, pH 7.8, 1% NP-40, 0.15 M NaCl, 1 mM EDTA) with a protease inhibitor mix (GE Healthcare Bio-Science, Piscataway, NJ, USA). Homogenates were filtered through two-layered gauze to remove debris. The supernatants were sonicated at 10 pulses/2 sec with setting at 20% output with an UltraS homogenizer (Taitec, Koshigaya, Japan) in an ice-water bath. After centrifugation at 20,000 × g for 30 min, the supernatant was mixed with an equal volume of SDS sample buffer and boiled for 5 min. Then, 20 g of each sample was subjected to 12.5% sodium dodecylsulfate polyacrylamide gel electrophoresis. For the SDS-PAGE analysis, the gel was stained by with Coomassie brilliant blue R-250 (CBB). After the electrophoresis, the separated proteins in the gel were electrophoretically transferred to a PVDF membrane. The membrane was incubated with the antibody (the supernatant of the hybridoma cells, which was positively selected by dot-blot analysis) and stained as described above for dot-blot analysis.
Indirect Immunofluorescence Staining
Gill tissues of C. okutanii were fixed with 4% paraformaldehyde in seawater for 18 h. They were then frozenembedded in OTC compound in liquid nitrogen. The frozen thin sections as 4-μm slices were prepared with cryomicrotome (Microm HM550, Thermo Fisher Scientific Inc., Tewksbury, MA, USA). Air-dried sections were washed three times with phosphate-buffered saline (PBS) for 10 min and then incubated with the supernatant of the hybridoma culture overnight at 4˚C. After washing three times, Alexa Fluor 488 (AF488)-conjugated goat antimouse IgG (Life Technologies Co.) diluted 1000-fold with PBS (135 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 8.0) was added and incubated for 3 h at 25˚C. In addition, the sections were reacted with anti-GroEL rabbit polyclonal antibody (SigmaAldrich Co., St. Louis, MO, USA) diluted at 1:1000, followed by incubation with Alexa Fluor 647-conjugated anti-rabbit IgG antibodies (Life Technologies Co. washing, the sections were stained with 6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich Co.) at a final concentration of 10 μg/ml for 15 min. A microscope equipped with phase-contrast and fluorescence optics (BZ-9000, Keyence, Osaka, Japan) was used for observation.
In Situ Hybridization
The sections were transferred to Teflon-coated slides and air-dried before dehydration by sequential washing in 50, 80, and 100% (v/v) ethanol for 3 min each. Hybridization using the FITC-labeled probe Cok 16S_1: antisense RNA fragment of the 16S rRNA gene of the symbiont of C. okutanii (5'-AGCTTCGCCACTAAAGGGTACCCCC-3'), was performed as described previously [25] . Microscopic observation was performed under fluorescence microscopy.
Results
Isolation of Oligosaccharides from Mucus and Determination of Components
Approximately 6 mg of mucus from which protein had been removed was obtained from the protease-digested TCA precipitate. No free oligosaccharide was detected either in the secreted mucus or in the mucus from which protein had been removed. A protein assay showed that mucus without protein contained 15.2%  1.2% peptides (15.2  1.2 mg/mg dry weight), implying that the oligosaccharide samples contained small amounts of peptides. Gel-permeation chromatography showed that the molecular weight of the prepared oligosaccharide samples was approximately 14 kDa. The sugar composition of the oligosaccharide samples was analyzed by HPLC after the hydrolysis and PMP-labeling treatments ( Table 1) . Several minor peaks were unidentified (2.6% of the total peak area). The major sugar compound was galactose (Gal), which made up approximately 30% ( Table 1) . The contents of mannose (Man), fucose (Fuc), GlcNAc, and GalNAc were around 15% each. 
mAb Reacting to Mucus Glycopeptides
To determine the localization of the mucus glycoproteins in the gill tissue, the CokG-B3C10 mAb was selected from a mAb library prepared using homogenized gill tissue as the antigen. According to the results of dot-blot analysis, the mAb showed the strongest signal to the oligosaccharide samples in the approximately 500 tested antibodies (data not shown). The mAb reaction was lost after treatment with N-glycosidase F (data not shown). These results suggested that the CokG-B3C10 mAb reacted to the glycoproteins.
Localization of Mucus Glycoproteins in C. okutanii
To examine the localization of the CokG-B3C10 mAb antigen, tissues of the gill, ovary, foot, and mantle of C. okutanii were separately homogenized and their supernatants were subjected to Western blot analysis. The mAb reacted only to several bands from the gill homogenate, in the range of molecular weight between 25 and 250 kDa (Figure 1 ). This result indicated that the gill tissue contained several different antigens that reacted to the mAb, all of which were exclusively localized in the gill tissue. 
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To determine more detailed localization of the mAb antigen in the gill tissue, histochemical analysis of frozen transverse sections of the gill tissue was performed. Figure 2 shows the frontal zone of the external asymbiotic area and inner symbiotic area of the gill filament. In the differential interference contrast micrograph of the inner area of gill filaments, the symbiotic bacteria in bacteriocytes were observed as dark spots (arrows in Figure 3(a) ). Green fluorescence signals of the CokG-B3C10 mAb were observed only in the inner symbiotic area of gill filament, but not in the frontal zone of the external asymbiotic area of gill filament (Figure 3(b) ). No signals were detected in the negative control micrograph without mAb treatment. To visualize the location of the symbiotic bacteria, immunostaining with antibacterial GroEL antibody was performed (red fluorescence in Figures  3(c), (f) and (g) ). The enlarged images showed that strong green signals appeared on the apical surface of the gill filament cells facing seawater and in the interfilamental spaces, and weaker signals were also detected in the bacteriocyte cells (Figures 3(d) and (e) ). The density of the CokG-B3C10 mAb-reactive antigen in the secretions was higher near the external area (A in Figures 3(a)-(c) ) in the gill filaments than in the central region of the inner area (B in Figures 3(a)-(c) ). Symbionts were detected in the cytoplasm of bacteriocytes in the inner area of the gill filaments (Figure 3(c), (f) and (g) ). The localization of symbionts was furher confirmed by FISH analysis using a C. okutanii symbiont-specific probe targeting its 16S ribosomal RNA. This probe was shown to be specific to the symbionts of C. okutanii and did not hybridize with symbionts of Bathymodiolus septemdierum (data not shown). The symbionts were detected only in the bacteriocytes but not in the asymbiotic cells in the inner area in the frontal zone (Figure 4) . The green signals for the mAb antigen seemed to appear on both bacteriocytes and asymbiotic cells in the inner area (Figure 3(g), arrows) . In human mucin, 50% -90% of O-linked glucans are attached to the protein backbone (apomucin), and molecular weights of the complexes are often many million Daltons [26] . Seventeen human mucin genes have been assigned to the MUC gene family according to the Human Genome Project. The analyzed more than 100 different O-linked glucans shown to contain two to 12 monosaccharides, of which the major saccharides are Gal, GalNAc, GlcAc, Fuc, and sialic acid [26] . As the mucins of C. okutanii had not been characterized yet, we examined the saccharide composition of the gill mucus and showed that the mucus was comprised of Gal, Man, GlcNAc, GalNAc, and Fuc ( Table 1) . This composition is similar to that of human mucus, except for the high amount of Man. It was also consistent with the results of the analysis of Mytilus edulis mucus glycoprotein showing that it contained Man, Fuc, Gal, GlcNAc, and GalNAc as major sugar components [27] . Thus, the present study confirmed that mucins from bivalves have similar sugar components to those of humans. This may indicate that mucin in vertebrates and invertebrate has a similar function. Furthermore, we obtained the gill tissue-specific CokG-B3C10 mAb bound to the oligosaccharide samples from mucus. The analysis of the mAb-binding epitope is important for a better understanding of the function of mucin from clams.
Glycoproteins in Mucus Localized in Gill Tissue and Possible Function
In bivalves, mucocytes have been morphologically observed in epithelial cells of mucus-producing organs such as the gill, mantle, foot, and digestive organs [3, 5, 8, 12, 13] . In a variety of bivalves, including Calyptogena magnifica and Mytilus galloprovincialis, mucocytes were morphologically identified in the frontal and abfrontal zones of the gill external area [8, 14, 15] . The mucocytes of M. galloprovincialis were stained by periodic acid Schiff-alcian blue, indicating mucus production [15] . Those previous reports suggested that the mucus of the gill is produced from the external asymbiotic area of gill filaments in C. okutanii. The co-localization of mucocytes and ciliated cells in gill filaments is reasonable for feeding; the mucus captures plankton or particles, and the ciliated cells generate the flow to transport them to the digestive organs in filter-feeding asymbiotic bivalves. We did not show the distribution of the mucus in the gill tissue, although we determined that of the glycoproteins contained in the mucus using the CokG-B3C10 mAb. The glycoproteins were specifically produced from the inner asymbiotic area of gill tissues. Both the bacteriocytes and the adjacent asymbiotic cells appeared to produce them (Figures 3(f) and (g) ).
Although the function of the glycoprotein antigens remains to be elucidated, it is not likely for feeding because the digestive tract is vestigial, but may act as a defense barrier and/or for maintenance of the symbiotic bacteria. In the human intestinal extracellular microbiota system, mucin not only plays a role in protection against pathogens but also in cross-talk and maintenance of the microbiota [28] [29] [30] [31] . Recently, in invertebrates, factors binding with sugars on the surface of the symbionts have been identified in the host mucus in some horizontal transmission-type symbiotic systems: a squid (Euprymna scolopes); tropical clam (Codakia orbicularis); and marine nematode (Laxus oneistus) [32] [33] [34] . They are a novel lipopolysaccharide-binding protein, mannose-binding protein, and C-type lectins, respectively, and contribute to the acquision of symbionts. The CokG-B3C10 mAb appeared to bind to several glycoproteins (Figure 1) . It is not clear whether they have different functions. However, they are produced in bacteriocytes and adjacent asymbiotic cells in the inner area of the gill filaments, and this localization suggests that they have some role in the maintenance of symbiosis.
In symbioses between invertebrates and microorganisms, glycoproteins of the host invertebrates and of the symbionts may play important roles in the recognition of their partners [35] and in the maintenance of their stable interactions. Further identification of the innate immune factors in mucus will be useful for understanding the mucosal immunity of deep-sea clams and of the maintenance of their symbiotic partnerships. While the function of the CokG-B3C10 mAb antigen is still not clear, this antibody will be useful in revealing the function of the antigen in gill mucosal immunity and symbiosis.
